Models of the evolution of life span predict, and gerontological studies show, a relation between nutrient use and life span. This study examines the role and comparative use of nutrients in long-and short-lived populations of D. melanogaster selectively bred for age-at-reproduction, without respect to metabolism or feeding rate. We test the hypotheses that selection for life span has favored the restriction of nutrient use and that the observed effect of low population density during development is a consequence of modifying nutrient use. The use of nutrients was measured here by the uptake of radiolabeled glucose, its incorporation into lipid and protein, and by the in vivo metabolic flux through thepentose shunt. Measurements show that uptake, incorporation, and flux are severely limited in long-lived stocks, compared to short-lived populations of the same stage and stage of development. Raising long-lived stocks at low population numbers relieves the restriction on metabolism in larvae, increasing incorporation and flux, and causes adult life span to decline. Larvae of long-lived populations appear to feed less actively, suggesting that the reduction in use of nutrients could simply be from reduced intake. Changes in total soluble protein correspond with measurements of uptake, incorporation, and flux. Soluble protein is substantially less in long-lived stocks, before pupation, but catches up in early adulthood to that in the short-lived populations. Despite different nutrient use by larval populations, only slight differences are found in development rate. They are insufficient to account for the differences observed in longevity.
A S our understanding of how organisms conform to the *• demands of the environment is extended to progressively lower levels of organization, so also does our understanding of the action and effects of evolution. Genetic variants controlling metabolic pathways generate variation in physiological parameters and provide the materials from which selection molds species traits. Clarke (1975) and Koehn (1978) recognized the importance of such variations to adaptation in life history traits two decades ago. Calow and Townsend (1981) , Watt (1983) , and Sibley and Calow (1986) discuss variations in metabolism as they affect the distribution and use of energy; particularly, how trade-offs in energetic functions affect fitness. It is widely held by models in life history theory, for example, that selection allocates an organism's total energetic budget optimally among physiological categories such as "energy for reproduction," growth, or survival (Stearns, 1992) . Energy partitioned in this manner is expressed in the life history traits which comprise each category, such that overall fitness is maximized.
The idea that selection optimally allocates energy for maximum fitness has also been applied to understanding the evolution of individual traits. For example, Williams' (1957) formulation of the evolution and control of life span by pleiotropic genes expresses this clearly in the response predicted for selection for long and short life. Short-lived individuals should reproduce vigorously early in life and expend the greatest energy at early ages, while survival to an old age would result from a controlled and conserved expenditure of energy. Great longevity should be inconsistent with heavy expenditure of energy in reproduction or other activities while young.
Experiments in other research areas have arrived at similar conclusions, but limit their application to physiological effects. For instance, one of the "most widely accepted experimental paradigms in gerontological research" describes an energetic trade-off which exerts a positive effect on life span (Masoro, 1992) . The so-called nutrient restriction effect describes the effect on longevity or other traits in laboratory experiments in which dietary intake is restricted. In studies of this type, the caloric intake of experimental treatment groups is reduced by an amount that is substantial, but still provides adequate nutrition, while control populations feed ad libitum. Comparisons of treatment with control populations have shown that a variety of characteristics including life span and disease resistance are enhanced by nutrient restriction (Berg and Simms, 1960) . While mammals have most often been the subject of these experiments, Graves (1993) has analyzed a broad spectrum of nutritional restriction studies comparing results in insects with those in mammals; he finds that the effects of dietary restriction are comparable in both groups. In this study, we examine the overall pattern of metabolism in larval Drosophila, as evidenced by the synthesis and storage of major by-products for indications that selection has affected life span by altering the use of nutrients.
In testing general aspects of Williams' (1957) model of the pleiotropic control of longevity, this laboratory's replicate populations of D. melanogaster were subjected to selection under alternative schedules of reproduction (Luckinbill et al., 1984; Luckinbill and Clare, 1985) . No conscious action directed at altering metabolism or feeding was employed in selective breeding, yet alterations in metabolism may well cause the increases observed in life span.
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Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/51A/4/B284/618124 by guest on 02 April 2019 Vigor in old age increased under selection, as indicated by activity and enhanced fecundity within the extended life span, implying enhancement of the underlying metabolism. Clare and Luckinbill (1985) described another important feature of that system that may be related. They showed that life span, in otherwise long-lived individuals, is substantially reduced if they are reared at very low population density. Alternatively, short-lived populations are affected only slightly by this.
Advances in longevity seen under selection are not an artifact of variations in fecundity affecting the density at which larvae develop. Adaptations in these stocks provide genuinely longer life, the expression of which can be modified (in both long-and short-lived stocks) by the size of population in development. The fact that adult longevity can be forced to vary this way provides a tool, therefore, for examining the relationship between nutrient use and life span in manipulative experiments with long-lived stocks. If increases in life span are determined by altered nutrient use affecting metabolism, then changes in developmental density might also alter longevity by affecting nutrient acquisition. That is, rearing long-lived populations at low density could increase the intake of media and force corresponding changes in metabolism and adult longevity. In this study we ask, first, whether nutrient use is reduced in populations selected for long life, compared to short-lived controls, and second, whether the observed effect of developmental density on adult life span might result from an altered pattern of nutrient use.
One idea which seems to be perennial to the theoretical considerations in this area relates changes in life span to an altered rate of development. This idea seems reasonable in light of the numerous studies that depict adult life span as merely a terminal developmental stage (Sacher, 1978; Hart and Turturro, 1981 ) and more so in experimental studies of prolonged development in planktonic marine larvae as in Miller and Hadfield (1990) . Although experimental efforts have been less than successful in verifying this connection Zwaan et al., 1991) , a largescale examination of development in these stocks may shed further light on both the validity of this hypothesis and the nature of the factor(s) affecting longevity under selection. Comprehensive measurements will compare rates of development in long-and short-lived stocks.
MATERIALS AND METHODS
Selection for long versus short life span was applied to stocks according to the age at which reproduction occurred and with mating and egg laying continuous in all populations at all times. Selection for improved life span was applied to two populations by collecting 50-55 pair of progeny produced late in life by the oldest surviving individuals. Opposing selection for short life was applied to two control populations by collecting progeny from parents that were as young as possible, at 4-6 days after eclosing to adulthood. Two populations have had selection for short life applied and two for long life. Because of the difference in generation time for the two schedules of reproduction, several hundred generations of selection for early reproduction, and 60 generations of selection for long life have now taken place.
Populations have been maintained in stock cultures as described in Luckinbill et al. (1984) and Luckinbill and Clare (1985) . The medium used to feed and maintain stock populations, and to measure life span was a yeast-sucrose-agar, with sucrose at a concentration of 280 mM, spread with a paste of live yeast at 25 °C. Populations typically consisted of 50 to 55 pairs of male and female adults per half pint bottle, transferred three or four times per week to fresh media, that spent not more than two days on a given batch of medium. For the measurement of life span, development rate, and nutrient use, populations were raised in different ways. Life span was measured, as in previous studies (Luckinbill et al., 1984; Luckinbill and Clare, 1985) , in 30 pairs of adults isolated at one pair per vial. Fresh media were supplied to adults during these measurements at 48-hour intervals, as in the maintenance of stocks. For estimates of development, egg numbers were uncontrolled, as occurs under selection and in the maintenance of stock populations. For comparisons examining the effects of larval density, populations were reared at low, fixed densities of larvae.
Five replicate populations of each stock were raised for each of three measures of development rate. An egg-laying period of 48 hours was allowed at the beginning of each collection. Development was measured from the median of that egg-laying period to (1) the day the first adult ecloses from among progeny; (2) the day on which 100 or more individuals are eclosed; and (3) the mean and median time to eclosion for all progeny. The first of these estimates is the demographic age to first reproduction (a). The second measure is important in relation to the method of selection applied to cultures because, in selection, the progeny of populations are drawn from among the first 100-200 that eclosed each generation. This was to avoid inadvertent selection for differences in development rate. Measuring the time to the first 100 eclosing individuals, therefore, provides an estimate of the median development time for the portion of stock populations used in selection and testing. And third, measuring the mean and median time to eclosion for all progeny estimates the distribution of the entire hatch.
Populations were also raised with development timed and synchronized. For these, young adults of stock populations were first condensed into replicate populations to as much as 200 pairs per bottle. Each was next given a 2-hour precollection to obtain the fertilized eggs held by females before beginning the actual collection. These eggs were discarded. Eggs laid over the following 12-hour period were then collected by rinsing them from the surface of the media with distilled water into a 440 mm mesh stainless-steel screen. Therefore, development was synchronized to within 12 hours in these populations.
For all measurements of metabolic parameters, eggs collected in this manner were then sterilized by dechorionation and were either distributed to bottles at a density of approximately 1000-1500 eggs/bottle for mass rearing or to vials at a density of 10 eggs/vial for examination of the effects of low density. Larvae then fed on sterile medium free of live yeast before being removed for testing.
After four days of development (96 hours), larvae were removed by flotation with sterile 3M NaCl, rinsed thoroughly with sterile distilled water, and reintroduced to 25 ml of fresh sterile media enriched with either D-[6-
l4 C]-glucose at a concentration of 1 fxCi/ml. For low-density rearing, 10 sterile larvae were added to each of 60 vials containing 2.0 ml of identically enriched medium. After 48 hours' further growth on labeled mediums out of six days' total development, larvae were removed, and samples of media were plated on nutrient and Sabouraud's media to check for sterility. No viable contaminants, bacterial or yeast, were detected in experiments at the time larvae were removed.
At the time they were assayed, larvae were at their most rapid point in growth, feeding most intensely and ready to enter the prepupal stage. After removal, larvae were rinsed and divided into 20 samples of 20 larvae each, for determination of total uptake, incorporated lipid and protein. All further procedures from this point were carried out on ice. Uptake or incorporation into lipid and protein were measured independently in different experiments, and the sex of larvae was not determined. For uptake, chilled larvae were simply rinsed thoroughly with distilled water to remove media and then digested whole in 1.0 ml BTS-450 (Beckman) Tissue Solubilizer before counting using Safety-Solve Scintillation Cocktail in a Beckman 3801 Scintillation Counter.
For incorporation, samples were ground by hand using a chilled glass Potter-Elvehjem grinder and immersed in an ice bath. Lipid and protein were extracted as described in Geer and Downing (1972) (Smith et al., 1985) and, except where otherwise noted, counts of incorporated label are expressed per mg of total soluble protein for 20 larvae. Two complete independent replicates of incorporation measurements were made.
Serial estimates of total soluble protein were obtained from developing stocks and from adults. For these, 20 samples of 20 larvae each, or 10 adults each, were taken respectively from replicate populations at from 3 to 6 days of development or at 16 days adulthood (post-eclosion). These estimates were independent of other measurements for which incorporation and flux were determined. Feeding rates in 6-day-old larvae were measured from the rate of cephalopharyngeal thrusting, as in Burnet et al. (1977) and Sewell et al. (1975) ; 100 measurements of feeding rate were made from two or more replicate populations of each stock. Feeding larvae were observed under a dissecting microscope, and a stopwatch was used to determine the number of seconds in which 10 consecutive feeding thrusts occurred. Each larva was measured only once. Because behavior was being measured, the experiment was run as a double blind and randomized among observers with the identity of populations under examination unknown.
A photographic comparison of feeding rates in larvae was also made. For this, 6-day-old, timed and staged larvae were introduced to media which had been darkened by the addition of excess food coloring. Larvae were allowed to feed for exactly 2 hours before being removed and placed in another vial containing their usual light-colored media, where they fed for one hour. The color of the intestine indicates the intensity of larval feeding by the degree to which the darkened food is purged, as the ordinary light-colored food moves posteriorly in replacing it. A typical individual was selected from feeding larvae for photographic comparison.
The CPM from labeled glucose in incorporation and flux measurements was analyzed in nested, two-way model III (mixed), analyses of variance and was tested for the effects of selection as a fixed factor and replicate (nested within selection) as a random factor. Replicates consisted of either a pair of long-lived stocks or short-lived stocks. Effects on incorporation and flux in larvae raised at high or low population density in development were compared in long-lived stocks only. For these, a one-way ANOVA was used, followed by an a priori contrast. Data were examined for heteroscedasticity and for departure from normality and, where necessary, a Log 10 transform was applied. Data were examined again after transformation and tested for heteroscedasticity by a log-ANOVA test (Sokal and Rholf, 1994) , and replicates were pooled for application of the contrast. Feeding rates were untransformed and were also compared in a one-way ANOVA with accompanying contrast.
Three measures of development time were made. Five replicate populations of each stock were used for independent measurements each of (a) time to the first eclosing individual, (b) time to the first 100 individuals eclosing, and (c) the mean and median of eclosion for the entire hatch. Mean development time in stocks was compared in a oneway ANOVA and contrast. Median development time was compared by the median test (Zar, 1994) .
RESULTS
Figure 1 compares longevity in adult females, in replicate short-and long-lived stocks, with the latter living an average of 69% longer. Survival of long-lived populations raised at low density is also shown. Although stocks selected for life span only live about half as long when raised at low density, they are still substantially longer lived than short- lived controls. Longevity is reduced comparatively little in short-lived stocks by low rearing density (not shown in figure) . The mean for short-lived populations of Figure 1 decreases from 53.1 and 55.5 to 46.9 and 50.5, respectively, when raised at low density. Long-lived populations, therefore, have substantially greater survivorship when reared at either high uncontrolled density or low fixed density in development. But, the decline in longevity caused by low density is proportionately greater in long-lived adults. Previous comparisons of these stocks have also reported this Luckinbill and Clare, 1986) .
The effects of selection are evident in the total uptake of 6-H C-glucose by whole larvae shown in Table 1 (A). Longlived individuals take up 37% and 45% of the label in shortlived populations. Estimates of uptake differ from incorporation in that they include more components, incorporated as sugars including glycogen, other water soluble compounds, and hemolymph. Some or all of these would be eliminated in the extraction of lipid and protein in determining incorporation. Estimates of uptake are probably also inherently less precise than those of incorporation or flux, because they could include such errors as unremoved labeled media adhering to the cuticle and/or undigested media in the gut, which would tend to inflate values of CPM (counts per minute). Alternatively, measures of incorporation give no indication of label synthesized as glycogen. Measurements of uptake, therefore, are of value when taken together with incorporation and flux in indicating the overall trend in metabolism.
In Table 1 (B), means of CPM from labeled glucose incorporated as lipid and protein in long-lived individuals are 29% and 30% of that in respective short-lived populations at the same age and stage of development. The less precise measurements of uptake show the same trend as incorporation; by the sixth day of development, larvae of long-lived populations take up and incorporate substantially less than short-lived populations. The difference between long-and short-lived stock populations is not explainable, therefore, on the basis of the differences in the techniques measuring incorporation versus uptake. Table 1 shows that both uptake and incorporation agree in indicating that in larvae of long-lived stocks, metabolism is not simply diverted away from protein and lipid synthesis, but is altogether reduced. Table 2 shows the corresponding Model III nested ANOVA of untransformed data. The selection effect (fixed), shows that long-lived individuals incorporate significantly less total lipid and protein (p < .016).
Means and confidence limits for incorporation of D-[6-14 C]-glucose in long-lived stocks together with short-lived populations shown in Figure 2 comprise a second replicate of the comparison in Table 1(B). As before, the average incorporation of long-lived stocks is about 34% of that in shortlived populations. Figure 2 compares incorporation in longlived stocks raised at low density with those at high density. Larvae from low density, long-lived stocks incorporate 1.5 and 2.6 times more label into lipid and protein than those raised at high density, but they are still significantly less than that in short-lived stocks. Clearly, the more restricted incorporation is, the greater adult life span becomes. Low developmental density increases incorporation and reduces longevity within the same stock of long-lived individuals. Table 4 presents the one-way ANOVA with a priori contrasts for long-lived populations reared at high and low densities. Data snowed significant heteroscedasticity which was relieved by log transformation [log-ANOVA, F(3,3) = 1.170, p > .25]. Both the one-way ANOVA and contrast indicate the significant effect of developmental density on incorporation of 6-14 C in larvae (p < .0001; p < .001, respectively).
Estimates of in vivo flux through the pentose-shunt in Table 5 agree with the other generally low values of incorpo- Figure 2 . Mean and 95% confidence intervals of incorporated lipid and protein in six-day-old larvae. Replicate long-lived stocks are raised at their usual high (uncontrolled) density and low density. Incorporation is also shown in short-lived stocks raised (high density also). Low developmental density increases incorporation and reduces life span. ration for these populations. Long-lived stocks have 24% and 26% of that in corresponding short-lived controls. The mixed (model III) nested ANOVA of these untransformed values indicates that a strong difference exists in the main effect of selection (p < .005).
Flux through the pentose shunt was increased 2.8 fold in long-lived populations raised at low density. This agrees with the trend of increased incorporation at lower population density during development. These data were heteroscedastic and were corrected by log transformation [log-ANOVA, F(3,3) = 0.216, p > .25]. The one-way ANOVA and contrast indicate that low population density in development significantly affected flux through the pentose shunt in longlived populations (p < .0001), and the accompanying contrast of pooled values showed it to be significantly higher (p< .001) (see Table 6 ).
Developmental rates differed little in oppositely selected stocks. Table 7 shows that time to first eclosion in long-or short-lived stocks was always 10 to 11 days, with the first 100 individuals eclosing at 12 to 13 days. Total eclosion was measured in more than 8,500 individuals of the four stocks. Mean eclosion for the five replicate populations of each stock differed by no more than 1.9 days. This was matched closely by median development, at about 2.0 days difference. Analysis by one-way ANOVA found a highly significant difference between stocks (F = 131.1, p < .0001), and also in comparing the median development time (x 2 = 2,297, df = 19, p < .0001). Figure 3 indicates that the accumulation of total soluble protein differs sharply in long-and short-lived stocks. Specifically, larvae of long-lived stocks have significantly less protein than corresponding short-lived controls at practically every point from day 3 through day 6 of development. These measurements are independent of all others in this study. Total soluble protein increases substantially in development in both long-and short-lived stocks. The trend in total protein agrees closely with protein incorporated; short-lived stocks have more than double the total protein of the long-lived stocks, for the same critical period of development. However, as 16-day-old adults, no difference is evident between the stock populations. Total soluble protein increases conspicuously in adult females of long-lived stocks to meet the higher values of females in short-lived populations. A similar increase and convergence in total soluble protein was also found in males (not shown). Long-lived adults may feed more rapidly and acquire body mass at the cost of expending nutrients as eggs or in other reproductive efforts.
Because differences in uptake and incorporation might only reflect differences in rate of intake, feeding rates in long-and short-lived larvae were also examined. Comparison of untransformed rates in a nested mixed model (model III) ANOVA and accompanying contrast indicates larval thrusting occurred at a much greater rate as short-lived larvae feed (p < .05). Figure 3 . Means ± 95% confidence intervals of total soluble protein in larvae, days 3-6 of development (sex of larvae undetermined) and adult females at 16 days post-eclosion.
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confidence intervals of feeding rates in long-and short-lived populations. The accompanying photograph (Figure 4) shows two typical third instar larvae of about the same length. The fixing solution caused specimens to contract in length. In the larvae from the long-lived population (right), a considerable portion of the intestine remains filled with darkcolored media; in a short-lived individual (left), of the same age and stage of development, the intestine is almost free of dark-colored medium after a single hour of feeding.
DISCUSSION
These experiments show that:
(1) Nutrient uptake by whole larvae, its incorporation into lipid and protein and flux through the pentose shunt are severely restricted in the in vivo metabolism of developing long-lived populations, although the larvae feed ad libitum. Lowered population density in development increases nutrient use in larvae and reduces adult life span.
(2) The rate of feeding in larvae, as measured by cephalopharyngeal thrusting, and total soluble protein are substantially less in larvae of long-lived populations throughout development. But, by 16 days of adulthood, total soluble protein increases to equal that in shortlived adults. (3) Small but significant differences in the speed of development in replicate stocks are inconsistent with the hypothesis that the life span of adults is extended by slowing development.
In order to determine whether individuals that live longer are limited in their metabolism, it was necessary to identify a measure of nutrient use, by which long-and short-lived populations can be compared. Here we have tested the hypothesis that nutrient use is reduced in the overall metabolism of long-lived populations raised at their ordinarily high (and uncontrolled) density of larvae. The parameters of incorporation and pentose-shunt flux used here are sufficient to indicate broad trends in comparative metabolism of selected stocks. Not all commonly accepted indicators of metabolism are necessarily reliable, however. Enzymatic activities, for example, are not always meaningful. It is clear from metabolic control theory (Kacser and Burns, 1973 , 1979 that the simple in vitro measurement of enzymatic kinetics and activity taken to indicate metabolic activity may not necessarily be representative of the actual underlying in vivo processes. Alternatively, Labate and Eanes (1992) and Cavener and Clegg (1981) show that enzymatic activities can provide reliable indication of in vivo processes. In that the in vivo measurements are somewhat less ambiguous, we selected the measurement of pentose-shunt flux as an indicator of metabolic activity.
While nutrient restriction appears to have physiological effects if applied at virtually any age, it is most effective when applied to developing or young animals (Masoro, 1988) . In Drosophilia, lipid synthesis takes place throughout life, but protein synthesis occurs mostly in the larval stages (Maynard Smith et al., 1970) , particularly the third instar when growth is maximal. The third instar of development, then, would be a reasonable life stage at which to detect restrictive effects on metabolism. If limitation does occur in larvae, it would be evident in parameters such as the total uptake of nutrients or their incorporation into lipid and protein and/or flux of carbon in the pathways of glycolysis. The combined estimates of uptake, incorporation, and flux have been used here to indicate an overall level of metabolic activity, but they also indicate activity in specific glycolytic processes.
For these estimates, radiolabeled D-[l-14 C]-glucose (Sigma) or D-[6-l4 C]-glucose (Amersham) was added to food. Larvae at the same stage and duration of development were introduced to this enriched medium and permitted to feed ad libitum for a fixed period of time. They were then removed, cleaned and processed, and the total amount of label that had been taken up or synthesized into lipid and protein was measured. In vivo flux through the pentose shunt was measured by the relative incorporation of both forms of labeled glucose, using the method devised originally by Wood et al. (1963) and adapted to the study of Drosophila by Geer et al. (1974) and Cavener and Clegg (1981) . Specifically, that method makes use of the modification that occurs at the 6-phosphogluconate step in metabolism. Since the number one carbon of the glucose-6-phosphate molecule is lost as 14 CO 2 at the 6-phosphogluconate step of the pentose shunt, l-14 C-glucose-6-phosphate will lose its label in that pathway. If, on the other hand, it moves through the alternative pathway in glycolysis, its 14 C label will be unaffected. The label in 6-l4 C-G6P is unaffected in moving through either pathway and therefore provides a control for measurement. Greater flux through the pentose shunt is reflected by greater loss of label from D-[l-
14 C]-glucose. Several different methods have been used to characterize the flux, or "activity" of carbon through the pentose shunt. Geer et al. (1974) and Cavener and Clegg (1981) (Cavener and Clegg, 1981) . The latter convention, also valid, more readily permits statistical comparison and was adopted here. Replicates of each stock were raised under identical conditions of population size, stage, and duration of development in media enriched with both forms of labeled glucose. Measurement of incorporation and flux, corrected for total protein content, showed substantial differences between longand short-lived populations. Measurements of uptake in whole larvae corresponded well with these.
All the media used here contained 5% sucrose. Sucrose is provided as a standard component of most media used in the culture of Drosophila and is known to selectively enrich some pathways in metabolism and depress others. Geer and Laurie-Ahlberg (1984) , for example, found that sucrose medium at the 5% level appears to redirect carbon flow in glycolysis toward synthesis of glycogen and lipid, and elevate activity in the pentose shunt in developing D. melanogaster. Short-lived populations studied here showed that same general pattern in metabolism. Long-lived populations, on the other hand, were significantly lower in protein lipid and content, reflecting a different pattern of nutrient use consequent to selection for longevity. Stearns (1992a Stearns ( , 1992b reviews the numerous theoretical and experimental studies that describe the trade-off between survival and reproduction under food limitation (see pp. 72-89 and 180-205). But, specific mechanisms and/or pathways in metabolism by which evolution can alter life history traits in this way are seldom investigated. To the foregoing, this work adds the conclusion that feeding rate and nutrient use are likewise affected by selection, coincidentally with life history features. Nutrient use, as measured by uptake, incorporation, and in vivo metabolic flux, is under stringent restriction, as are feeding rates. Thus, altered behavior and metabolism of larvae appear to affect the physiology and life history characters of adults here, including fecundity and life span. No specific genetic or biochemical mechanism has yet been specified as determining life span in Drosophila. But, the limitation on nutrient use found here can be identified as a significant contributory effect, by its identity with the nutritional restriction that has been applied so widely in physiological investigations that extend life span. Previous examinations of these stocks have found that low population density during development reduced adult longevity, but those studies made no investigation of either feeding rate or nutrient use Luckinbill and Clare, 1986) . These results are consistent with the conclusions of those studies; metabolism and nutrient use vary here, as the population density in rearing is manipulated, together with life history traits. Incorporation and glycolytic flux increase at low population size in development, and life span declines. Trends in the parameters of nutrient use and life span are consistent, therefore, in both manipulative experiments and comparisons of static effects in selected stocks. Koehn (1969) discusses the widely held notion that selection maximizes flux in metabolism. The results of these measurements indicate that, if anything, selection for life span has minimized flux. But in acting this way, selection may have optimized it, as Burton and Place (1986) suggest. Long-lived populations are more sensitive to some environmental effects as larvae and consequently show a proportionately greater response to developmental density than shortlived controls. Feeding rates appear to have been altered under selection too, but the relation of feeding rate to flux is less clear. Simply reducing the rate of cephalopharyngeal thrusting by larvae could lower uptake and restrict metabolism, but it could just as well be a controlling mechanism in metabolism that applies the restriction. Feeding rates in individuals developing at low density could not be measured.
Replicate measurements of populations selected for longevity all indicate the occurrence of nutritional restriction. But exactly how it increases life span remains unclear. Whether it alters the rate at which biological processes decline with age or simply changes the level of metabolic reactions (Richardson and McCarter, 1991) , nutrient restriction is widely believed to function by diverting energy away from reproductive functions to maintenance of the soma (Holliday, 1989) . Archer (1987, 1989) suggest that nutrient restriction provides an evolutionary advantage by allowing individuals to persist through periods of starvation. But Phelan and Austad (1989) argue that the nutrient restriction effect is an artifact of the use in experiments of species that are relatively short-lived and reproduce early and intensely. A restricted diet for larvae would divert substantially more energy away from adult reproduction in that situation, than if applied to a long-lived species with a more evenly distributed reproduction that is less intense at any one time. Chippindale et al. (1993) restricted the diet of adult Drosophila selected for longevity and their control populations. Early reproduction, as indicated by fecundity, had declined during selection and was more evenly distributed across the life of long-lived females (Rose, 1984) . Dietary restriction, however, was found to increase life span in both long-and short-lived populations, rather than only the latter.
In another study of laboratory stocks of D. melanogaster, Chippindale et al. (in press ) drew a nearly opposite conclusion concerning restriction in the larval stage and its effects on adults. Using the lines from Rose's (1984) study, they selected for increased starvation resistance in both B and O stocks, with unselected stocks as controls. Resistance to starvation increased and it was concluded that the increased resistance in adults results from the accumulation of nutrients during the larval stage. Based upon the conclusions of prior studies correlating starvation resistance with life span, nutrient accumulation, rather than restriction, would be implicated as increasing adult longevity.
Larvae of selected and control populations of this study were virtually identical in length at 6 days of development (not shown), but varied in width and probably also weight. But rate itself is the most meaningful standard of comparison of development here. Development rate is described in three ways: (1) the time from egg deposition to the first eclosing individual; (2) to the first 100 individuals; and (3) to the mean and median for the entire distribution of hatching offspring. Both the mean and median development show clear and significant differences between all stocks. All measures of development rate fail, however, to confirm the association predicted between longevity and development because first, individuals of long-lived populations eclose either at the same rate or faster than in short-lived stocks. And second, although significant, the one-to two-day difference found in mean and median development cannot account for the 69% increase in adult life in parental stocks without invoking some sort of ad hoc method scaling development to adult life. Thus, although stocks do differ significantly in development, the differences are small in actual magnitude and in the wrong respective order predicted by the development/longevity hypothesis. Despite the disparity in larval feeding rate, uptake, incorporation, flux, and total soluble protein, there is no indication that development is actually slower in long-lived populations. Also of importance is that rates of development seem generally consistent with the length of development ordinarily found in Drosophila fed conventional media. An extra day or portion thereof is spent as a larva here and an additional day as pupa, which adds about 48 hours (22%) to development in sucrose media over the 9-day development time found in classical descriptions of developing Drosophila (Bodenstein, 1950) . Development here is also consistent with that found in contemporary experiments such as Santos et al. (1994) . Giesel (1976) found no difference in development rate across a range of nutritional levels in media. We find development similar here, despite differences in the level of nutrient use. This pattern is consistent with the control of development by attaining successive minimum growth thresholds as larvae advance through the instars to eclosion.
Taken altogether, comprehensive measurements here do not support the idea that senescence is deferred in Drosophila by a lengthened development. Other more direct and powerful tests of that hypothesis have selected for development and examined effects on longevity and failed to find any supportive evidence for it (Zwaan et al., 1995) . Luckinbill and Clare (1985) showed, in similar but less extensive measurements of these stocks, that development is unchanged even when adult life span has been substantially altered by selection.
Short-lived control stocks show as much as 2.5 times the total protein content of the long-lived populations just prior to pupation, a difference that nearly disappears by the 16th day of adult life. This poses the question, "Why should total protein increase in long-lived adult Drosophila from that present before pupation?'' The majority of protein synthesis, especially structural proteins, occurs in the larval stage of holometabolous insects. The increase seen here must, therefore, mostly be in nonstructural proteins affected under selection. Rose (1984) and Luckinbill et al. (1984) both found fecundity at early ages declined precipitously as stocks responded to selection for life span. Fecundity was much higher at first in short-lived individuals than in their selected long-lived counterparts. But after two or three weeks of adulthood, the higher fecundity had declined to the level in long-lived individuals or below, a pattern still evident in cursory examinations of fecundity today. It may be that the diminishing difference in total protein between stocks in adulthood simply reflects the higher level of fecundity in short-lived females contrasted against less fecund, long-lived females who at first sequester a greater proportion of nutrient uptake as weight gain.
A similar pattern of change in total protein was found in males, with long-lived individuals beginning low and converging upward to meet the short-lived populations after two weeks of adulthood (not shown). The sex of larvae was not determined prior to measurements of uptake or incorporation, but it can be inferred from the increase in adults that both male and female larvae of long-lived stocks undergo the same limitation in metabolism.
While results here implicate nutrient restriction in the laboratory evolution of increased life span, the means by which restriction affects that change is unclear. Two models are relevant to this work. The first concerns the conservation of energy and its allocation to survival and reproductive functions. This model suggests that life-span extension caused by dietary restriction comes from the diversion of energy away from reproduction to maintenance of the soma, with the survival of an existing parent taking priority over the production of new young. The acceptability of this model depends on how robust its two assumptions are: first, that nutrient restriction limits reproduction, and second, that deferred reproduction increases life span. The first premise, that nutrient restriction limits reproduction, is well established in studies of life history. Reproductive thresholds are a nearly universal indication of this (Robertson and Sang, 1944) . And second, it is also well established that deferring or eliminating reproduction altogether increases life span (Stearns, 1992a) . Thus, reasonable support exists in empirical fact for the energy allocation/trade-off hypothesis.
The results of this study are consistent with the first hypothetical model if the energy from reproduction is reallocated to somatic functions by selection for life span. As larvae, long-lived individuals have reduced feeding rates, uptake, incorporation, glycolytic flux, and in some respects are more environmentally sensitive. Yet as adults, longlived individuals are more vigorous and hardy. Besides the fact that they live longer (Luckinbill et al., 1984; Rose, 1984) , are resistant to starvation, desiccation, ethanol fumes (Service etal., 1985; Service, 1987) and sustain longer flight Luckinbill et al., 1988; Graves and Rose, 1990) , they are more resistant to low temperature extremes. Selection in nature would surely favor short-lived adults where competitative ability is important for larvae.
A second related model is equally important. Both the medium used here (sucrose) and conventional Drosophila medium provide significant concentrations of sucrose. Sucrose enhances the synthesis of lipids and glycogen at the cost of activity in the lower glycolytic pathways and Krebs cycle. This pattern in metabolism, found in larvae of short-lived populations, resembles that described for diabetes. It is possible that the ad libitum feeding in this rich developmental environment, while seemingly satisfactory, has associated with it the induction of undetected pathologies that affect adult performance and life history parameters. Selection for long life, then, might simply be acting here to restore optimal physiological function to larvae, which would most often be expressed in the scarcity and limiting conditions of nature. A broad but unmistakable parallel with this hypothesis exists in Neel's (1962) description of the "thrifty" genotype of the Pima Indians of Arizona. Those individuals are highly susceptible to the development of noninsulin diabetes and obesity, which is associated with a comparatively luxurient diet and reduced levels of physical activity. However, a migrant population of those individuals, isolated and living under more stringent physical conditions and with a comparatively poor diet, does not develop these symptoms.
A third possible mechanism proposed to explain the nutrient restriction effect defaults to rescuing effects of so-called "aging" genes. Nutrient restriction is postulated to activate genes that extend longevity by protecting against nonspecific agents of damage. This mechanism and the energyallocation hypothesis described above are not mutually exclusive in their predictions. Nutrient restriction, for example, is known to induce the production of stress proteins (Pelham, 1986 ) that, among other functions, protect from the effects of thermal stress. Based on our discovery of in vivo restriction here, we would predict that long-lived adults should be resistant to thermal stress of some kind. Indeed, Luckinbill, Prychitko, and Riha (unpublished findings) make this prediction from another line of reasoning and find precisely that. Adults of long-lived populations are highly resistant to cold stress, although not to heat stress. Stress proteins, however, in addition to providing thermal protection, also stabilize a variety of other cellular functions and Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/51A/4/B284/618124 by guest on 02 April 2019 thus could be considered in the same functional category as "aging" genes. Further experiments must attempt to distinguish between these three alternatives.
